One way to determine the pH at the air/water interface with a confocal fluorescence microscope has been proposed. The relation between the pH at the air/water interface and that in a bulk solution has been formulated in connection with the adsorption equilibrium and the dissociation equilibrium of the dye adsorbed. Rhodamine B (RhB) is used as a surfaceactive fluorescent pH probe. The corrected fluorescence spectrum of RhB molecules at the air/water interface with the surface density of 1.0 nmol m -2 level shows pH-dependent shifts representing an acid-base equilibrium. Two ways to determine the unknown acid-base equilibrium constant of RhB molecules at the air/water interface have been discussed. With surface-tension measurements, the adsorption properties, maximum surface density, and adsorption equilibrium constants were estimated for both cationic and zwitterionic forms of RhB molecules at the air/water interface.
Introduction
Understanding the air/water interface is of great importance in physical, analytical, and environmental chemistry. 1 Since the pH is an important physical and chemical property, the pH at the air/water interface has been a recent study topic. Interestingly, the pH at the air/water interface is different from that in a bulk solution. As is known to all, in pure water the ionization equilibrium of water molecules is 2H2O = H3O + + OH -. The concentrations of hydroniums are considered to be about 10 -7 M, namely pH 7. However, since the air/water interface is a thin and unique region with distinct anisotropy across it, the composition and structure of species appear at this interface in a unique way, and thus may lead into an specific ionization equilibrium for the air/water interface. 2 Another point of view also considers that hydroniums produced by water molecules may form the electric double layer at the air/water interface. 3 Which ion, hydronium or hydroxide, is more concentrated at the air/water interface is still a controversial question. To date, a wide range of analytical methods have been applied to studying the pH at the air/water interface. Molecular dynamic simulations concluded that the air/water interface is about 2.2 units more acidic than that in bulk solution. 4 Tabe et al. calculated the acid-base equilibrium constant (pKa) of trimethylamine at the water surface with quantum mechanics/molecular mechanics and thermodynamic integration calculations, and elucidated the observed pKa shift at the water surface. 5 Electrophoresis 6, 7 and electrospray mass spectrometry 8 were also reported to show that at the air/water interface, pH is more basic than that in bulk solution.
Commonly used experimental methods for studying the water surface pH are spectroscopic methods: second-harmonic generation, [9] [10] [11] vibrational sum-frequency generation, [12] [13] [14] heterodyne-detected electronic sum-frequency generation, 15 and two-photo ionization 16 were used to clarify the acidity of the air/ water interface. Mostly, they showed that the water surface pH is more acidic. However, these surface-selective spectroscopic methods lack good sensitivity to work under 10 -2 of a surface coverage of the probe molecules. A spectroscopic method with a higher sensitivity is required to drastically reduce the effects caused by the probe on the pH.
A confocal fluorescence microscope (CFM) was used to observe the fluorescence emission of water-soluble rhodamine dyes adsorbed at the air/water interface even under the surface density of solute molecules, being 1 -10 3 molecule/μm 2 . [17] [18] [19] This was achieved by focusing the 532 nm laser beam on the water surface to obtain fluorescence emission surface selectively with a couple of lenses and a pinhole.
Fluorescent pH indicators are often used to monitor the pH in places such as cells, where pH meters cannot operate. 20 Their fluorescence properties, such as fluorescence intensity and fluorescence peak wavelength, often vary with the pH. Rhodamine B (RhB) dye, a fluorescent pH probe with a pKa of 3.1, has two types of ionic forms in aqueous solutions. As shown in Fig. 1 , the cationic form (RhBH + ) shows a fluorescence peak wavelength at 584 nm, whereas the zwitterionic form (RhB ± ) shows it at 578 nm. 21 The surface activity of this dye 1, 19 indicates the potential for a good indicator of the pH at the air/ water interface.
In this work, CFM was first used to estimate the pH at the air/ water interface, and a new pH-determination method at the air/ water interface was proposed. A relationship between the pH at the air/water interface and that in bulk solution has been formulated in connection with the adsorption equilibrium and dissociation equilibrium of the dye adsorbed at the air/water interface. The fluorescence spectrum of RhB molecules adsorbed at the air/water interface was correctly acquired. The pH dependence of fluorescence peaks at the air/water interface was examined. The result showed that the fluorescence peak at the air/water interface has a wavelength close to that in ethane-1,2-diol. By means of surface tension experiments, the maximum surface density and adsorption equilibrium constants of RhBH + and RhB ± were obtained. A way to determine pH at the air/water interface has been discussed.
Experimental

Reagents and chemicals
Rhodamine B was purchased from Nacalai (Kyoto, Japan). Sodium chloride, trisodium citrate, and propane-1,2,3-triol were purchased from Chameleon (Osaka, Japan). Hydrochloride, sodium hydroxide, ethane-1,2-diol, ethanol, and n-propanol were purchased from Wako (Osaka, Japan). Formamide was purchased from Sigma-Aldrich (Tokyo, Japan). The purities of these chemical reagents were all over 99.0%, except that of HCl, which is about 34.0%.
For surface-selective fluorescence measurements, the concentration of RhB aqueous solutions was adjusted to 1.0 × 10 -8 M. Water was purified with a water-purification system (Milli-Q Academic A10, Millipore). The pH was maintained by mixing 0.1 M HCl and 0.1 M Sodium citrate solution in different ratios. A pH meter (D-52, Horiba) was used to monitor the pH. Ionic strength was maintained at 0.1 M with sodium chloride. For bulk fluorescence measurements in organic solvents, the concentration of RhB was adjusted to 1.0 × 10 -5 M.
Apparatus
The experimental setup of the CFM is schematically illustrated in Fig. 2 . A neodymium-dope yttrium aluminum garnet laser beam (532 nm) was passed through a neutral-density filter, a laser line-interference filter (10BPF10-530, Newport), and a pre-focusing lens, and then reflected downward by a pellicle beamsplitter (03BPL001, Melles Griot). The objective lens (LMPlanApo 150X, Olympus) focused this reflected laser beam on the solution's surface, loaded in a glass cell (diameter, 40 mm; depth, 17 mm). Fluorescence emissions generated at the water surface were collected with the same objective lens and passed through a beamsplitter and a long wave pass filter (550FG05-25, Andover). This fluorescence emission was then focused with a lens (SLSQ-20-50p, Sigma Koki) into a fiber (diameter, 200 μm) connected to a spectroscope (PMA-100, Hamamatsu) under the condition of an exit slit width of 10 μm, an entrance slit width of 100 μm, and an accumulation time of 20 s. The spectroscope was equipped with a grating with 600 g/mm of ruling and 300 nm of blazing wavelength. The fluorescence emission spectrum was transferred to a personal computer and analyzed using software (U8167-02, Ver. 1.3.0).
The fluorescence spectra of RhB at the air/water interface were acquired under conditions of rightly focusing the laser at the air/water interface. The wavenumber axis of the CFM was calibrated with the emission lines of a mercury lamp (L937-01, Hamamatsu), and the fluorescence spectra were corrected by comparing a spectrum observed with the CFM to that obtained with a calibrated spectrofluorometer (FP-6600, Jasco).
The fluorescence spectra of RhB in a bulk solution were obtained with the spectrofluorometer. A quartz cell (optical path, 1 cm) was used. The measurement conditions of the spectrofluorometer are as follows: excitation slit width, 3 nm; emission slit width, 6 nm; excitation wavelength, 532 nm. All of the experiments described above were performed at room temperature.
The surface tension of RhB aqueous solutions with a variety of pH values was measured with a surface pressure meter (HBM, Kyowa). This meter was based on the Wilhelmy plate method with a glass plate having a cross section of 24.0 × 0.3 mm. The glass plate was immersed in concentrated sulfuric acid for 12 h before use, in order to obtain a hydrophilic treatment. The concentration of RhB was adjusted to a series of concentrations from 10 -6 to 10 -8 M by diluting a 10 -5 M RhB aqueous solution. The pH was adjusted to a series of pH values with 0.1 M HCl. The ionic strength was kept at 0.1 M with sodium chloride. The temperature was kept at 25 C.
Results and Discussion
A model of the air/water interface and a pH-determination method
The air/water interface is a region with a certain thickness of molecular scale in which chemical and physical properties are ensemble-averaged over a certain depth, and gradually change from a liquid phase to a gas phase. 22 Because this region is thin and turbulent, a homogenous region could be expected if a span of time is taken into account. Molecular dynamic simulations 23 yielded the calculation that the air/water interface is an interfacial region not sharp at a microscopic level, with a thickness of about 3.2 Å. Vibration sum-frequency generation experiments 24 also revealed that the thickness of this interfacial region is about 6 Å, judging from the sum-frequency intensity 
signal.
A model for describing the acid-base dissociation and adsorption equilibria of RhB molecules at the air/water interface and in bulk is shown in Fig. 3 . An assumption is made that the air/water interface is a thin and homogenous region differing from the bulk. In both the surface and bulk regions, the acidbase dissociation equilibrium of RhBH + was considered, in which the dissociation constants, Ka,surf and Ka, can be different from each other. Between these two regions, the adsorption equilibria of RhBH + and RhB ± were considered. For RhB at the air/water interface, the dissociation constant, Ka,surf, is given as
where Ni represents the surface density of protonated or zwitterionic forms of RhB (i = RhBH + or RhB ± ). For RhB in the bulk, the dissociation constant, Ka, is given as
where Ci is the concentration of i-type forms of RhB. Assuming that the relationship between the surface density and bulk concentration is represented by the Langmuir isotherm for each chemical form, where co-adsorption occurs, Eqs. (3) and (4) are acquired: 
where Nmax,i is the maximum surface density and Kad,i is the adsorption equilibrium constant of i-type forms of RhB. From Eqs. (1), (2), (3) and Eqs. (4) and (5) 
This equation represents the pH difference between the surface and bulk, ΔpH = pHsurf -pH, as a constant. This is because all of the parameters in the right-hand side of Eq. (5) 
Fluorescence spectrum of RhB at the air/water interface
The fluorescence spectrum of RhB molecules adsorbed at the air/water interface was successfully acquired with a CFM. Figure 4 shows the fluorescence spectra of RhB aqueous solutions measured with different laser focus positions along the depth direction.
The intensity of fluorescence was not normalized and not smoothed: these fluorescence spectra were all raw data acquired with a CFM. When the laser beam was rightly focused at the air/water interface (0 μm), a broad and strong peak at 584 nm was observed. This fluorescence spectrum was attributed to that of RhB adsorbed at the air/water interface. When the laser beam was focused under 100, 200, and 300 μm downward from the solution surface, that strong and broad peak turned into a broad and weak peak at 579 nm. These fluorescence spectra were attributed to that of RhB in bulk. When the laser beam was focused at 100 μm upward from the solution surface in the gas phase, almost no peak was observed. Figure 5 shows the corrected fluorescence spectra of RhB at the air/water interface and in bulk. The correction was made to obtain a bulk florescence spectrum of RhB observed with the CFM coincide with that observed with the calibrated spectrofluorometer. A several-nanometer red shift from the bulk fluorescence spectrum was clearly observed. This result indicates that the air/water interface has an environment slightly different from that of the bulk.
pH dependence of RhB at the air/water interface and in bulk
The pH dependence of the fluorescence peak wavelengths of RhB molecules in bulk (see Supporting Information for more detail concerning the mathematical relationship between the fluorescence peak wavenumbers and the pH) is shown in Fig. 6 . The fluorescence peak wavelength of RhBH + in bulk solution at a pH lower than 2 and that of a RhB ± pH higher than 4 were both obtained. The RhBH + form in bulk solution had a fluorescence peak at 584 nm, while the RhB ± form had one at 578 nm. Typically, the pKa of RhB is determined with a figure of distribution fraction of RhBH + or RhB ± plotted with the pH. The pH that corresponds to 0.5 of the distribution fraction of RhBH + or RhB ± in this figure is often considered to the pKa. However, it is also reasonable to directly use a figure of peak wavelengths of RhB plotted with the pH to determine pKa. In this figure, the pH that corresponds to 0.5 of the sum of the peaks wavelength of RhBH + and RhB ± is considered to the pKa. This is supported by an equation (not shown) deriving from Eqs. (S6), (S7) and (S8) in the Supporting Information. A pKa of 3.2 was estimated using these data, in which similar quantum yields and shapes of the fluorescence spectra between the cationic and zwitterionic forms of RhB are assumed to have the theoretical curve shown in Fig. 6 . The pKa of 3.2 is close to the literature value of 3.1.
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The pH dependence of the fluorescence peak wavelengths of RhB molecules adsorbed at the air/water interface (see Supporting Information for more details about the mathematical relationship between fluorescence peak wavenumbers and pH) is shown in Fig. 7 . Comparing Fig. 6 with Fig. 7 , it was found that from the bulk to the air/water interface, both peak wavelengths of the RhBH + and RhB ± forms show about a 2-nm red shift, or -61.2 cm -1 and -47.7 cm -1 in energy, respectively. The fluorescence peak wavelengths of two different RhB forms were acquired at pH values lower than 2 or higher than 4. The RhBH + form at the air/water interface had a fluorescence peak at 587 nm, while the RhB ± form has one at 572 nm. Under the same assumption for bulk solution, an apparent value of pKa,surf was calculated to be 3.5 with these data. Although this is not the true value of pKa,surf, it is notable that RhB had a good performance as a surface-active and fluorescent pH indicator having a certain pKa,surf value around 4 at the air/water interface. Such a surface-active and fluorescent pH indicator has potential for studying pH-relating chemical and physical phenomena occurring at the air/water interface under little invention of the probe molecules.
To determine the true value of pKa,surf, evaluation of the forward and backward reaction rates of the acid-base equilibrium is straightforward when using a pH-jump method. Although the water surface-selective pH-jump method has not been established, it could be performed because the adsorptiondesorption equilibrium of solute molecules at the air/water interface is expected to be a much slower process than the acidbase equilibrium.
As another way to estimate the value of pKa,surf, the solvent effects of RhB could be utilized. Table 1 gives the fluorescence peak wavelengths of RhB in a variety of organic solvents. Among these measured organic solvents, RhB ± in ethane-1,2-diol shows a closer extent (3 nm) of red shift to that at the air/ water interface. It is considered that solute molecules adsorbed at the air/water interface are in an intermediate dielectric environment between air and water. If the dielectric constant is the dominant factor of forward and backward reaction rates of the acid-base equilibrium, Ka,surf can be estimated by determining Ka in ethane-1,2-diol. This could be another way to estimate Ka,surf. With these values, the surface density of 1.0 × 10 -8 M RhB solution is estimated to be 1.93 and 4.13 nmol m -2 under acidic and basic conditions, respectively. These densities seem to be small enough to negate the effect of probes on the pH at the air/water interface.
Conclusions
A method to determine pH at the air/water interface with a confocal fluorescence microscope was proposed. A relationship between the pH at the air/water interface and that in bulk solution was formulated in connection with the adsorption equilibrium and dissociation equilibrium of the dye adsorbed. RhB was used as an acid fluorescent pH probe in this research. The corrected fluorescence spectrum of RhB molecules at the air/water interface with the surface density of 1.0 nmol m -2 level showed pH-dependent shifts representing an acid-base equilibrium. Two ways to determine the unknown property, pKa,surf, of RhB molecules at the air/water interface were discussed. With surface-tension measurements, the adsorption properties, the maximum surface density, and the adsorption equilibrium constants were estimated for both cationic and zwitterionic forms of RhB molecules at the air/water interface. Considering the advantages of the fluorescence method, such as high sensitivity, this work provides new insight and inspiration for studying the water surface's acidity.
